Ozone-water mass transfer was investigated using an oscillatory baffled reactor (OBR) operated as a semi-batch and as a co-current up flow continuous reactor. The effects of input ozone concentration, input gas and water flow rates, and oscillation conditions on gas hold up, volumetric mass transfer coefficient and mass transfer efficiency were determined. The same reactor was operated as a baffled column (without oscillation) and as a bubble column to assess the effect of the reactor arrangement on the mass transfer. The results show that the OBR was 5 and 3 times more efficient for ozone-water mass transfer than the baffled and bubble column reactors, respectively. The enhancement obtained with OBR over the baffled column reactor for ozone-water mass transfer was found to decrease with gas flow rate due to changes in bubble flow pattern from homogenous to heterogeneous. Under continuous flow conditions, the performance of the baffled reactor and the OBR were found to be twice efficient for ozone-water mass transfer than when operating under semi-batch conditions. The mass transfer effeciency (MTE) was found to increase from 57 % using the baffled reactor to 92 % with OBR under continuous flow at water and gas superficial velocities of 0.3 and 3.4 cm s -1 , respectively.
Introduction
Ozone is generally believed to be a strong oxidant and is employed in water and waste water treatment due to its high oxidation potential and ability to remove a wide range of chemical and biological contaminants [1] [2] [3] [4] . However, the main shortcoming of ozone is its low solubility in water which limits the extent of its application. Hence, several techniques have been employed for improving ozone-water mass transfer including bubble columns, stirred tanks, and packed columns [5] [6] [7] [8] [9] [10] . Oscillatory Baffled Reactors (OBR's) have shown promising performance toward the dissolution of oxygen in water [11] [12] [13] . OBRs were found to enhance the dissolution of oxygen in water 6 times faster than bubble columns [12] , and to be 75% more power efficient than stirred vessels [13] . Unlike most gas-liquid contactors the diffuser type had no effect on OBR efficiency [11] , and this may be considered as a unique feature of this type of reactors.
Oscillatory baffled reactors consist of a column within which are mounted a series of baffles dividing the column into cells. The oscillation of the liquid within the OBR is generated by a piston or bellows mounted at one end of the OBR. Gas-liquid mixing in OBRs takes place via the formation of vortices or eddies between each pair of baffles, and the size and intensity of these eddies depends on the baffle geometries and oscillation frequency and amplitude [12, 14, 15] . The oscillatory Reynolds number (Reo) is normally used to describe the mixing condition in OBRs, while the Strouhal number (St) measures the efficiency of eddy propagation [12] . These parameters are important characteristics of OBRs, and are calculated using equations (1) and (2) , respectively [12, 15, 16] The aim of this work was to examine the performance of an oscillatory baffled reactor for ozone-water mass transfer under semi-batch and continuous flow conditions to understand the effects of operational conditions on the mass transfer. The main objectives were to determine the effects of the reactor arrangement, input ozone concentration, input gas and water flow rates and oscillation conditions on gas hold up, bubble size, volumetric mass transfer coefficient (kLa) and mass transfer efficiency (MTE).
Experimental

The experimental setup
The system shown in fig.1 consists of a jacketed column, 190 cm in length and 2.5 cm in internal diameter (D), which was mounted vertically on an oscillation-inducing motor. The column contained orifice-type baffles made of 2.0 mm thick stainless steel with an outer diameter of 24 mm and inner diameter (Do) 12.5 mm. The baffles were fixed along the column using two stainless steel rods of diameter 2.0 mm, and the distance separating each pair of baffles was 37.5 mm. These baffle geometries were chosen in order to maintain optimal mixing [14] . The fluid oscillation motion was provided by a motor connected to a piston fixed at the bottom of the column. The oscillation frequency and amplitude were adjusted using control units connected to the motor. As can be seen in fig.1 , the column had two inlets at the bottom for ozone and water, and a sampling port located 90 cm from the column bottom. Ozone was passed through an ozone distribution cell placed prior to the reactor to control the direction of the input gas flow. The distribution cell consists of one inlet channel for the ozone feed and two outputs each with a valve for gas release. As can be seen in fig.1 , one of the output channels was connected to the flow cell of an Ocean Optics Spectrometer positioned prior to the OBR while the other one was directed to an ozone catalytic destruction cell. The ozone distribution cell was included to allow the ozone generator to reach the steady state before ozone was introduced into the reactor through the bottom of the OBR.
The instantaneous change in the dissolved ozone concentration was monitored by passing the sampled water at a pre-set flow rate through an Ocean Optics spectrometer flow cell (10 mm 7 optical pathlength). The water sampling rate was maintained using a calibrated peristaltic pump (520S/R, Watson-Marlow). A bubble-removing cell was placed prior to the flow cell to remove any remaining bubbles from the sample before analysis. The released gas was returned back to the column through a gas returning port located 35 cm above the sampling port. The water was then passed either back to the column through a water return port located 15 cm above the sampling port, or to an external tank, depending on the type of experiment performed. The volume of water occupying the analytical cycle including the bubbleremoving cell, was 57 cm 3 , and the actual volume within the column at any time during the analysis was 500 cm 3 , with a height of 104.5 cm with no aeration at room temperature.
After each run, the feed gas was allowed to pass directly to the ozone destruction cell through the gas distribution cell. The system was purged with oxygen for 10 minutes to remove the dissolved ozone, after which the water was completely removed from the column, and the latter flushed with fresh, deionised water.
All the experimental work described in this paper was performed at room temperature under atmospheric pressure with no pH adjustment, using deionized water from a Millipore Milli-Q system (18.3 MΩ cm). Hence, any complications arising from the presence of ozonescavenging species were avoided [1, 17] .
The range of experimental conditions in terms of the input gas and liquid flow rates, ozone concentrations and oscillation amplitude and frequency in the semi-batch and in continuous flow experiments are shown in tables 1 and 2.
Ozone generation
Ozone was supplied to the system using a novel, packed beads dielectric barrier discharge generator (PBDBD) developed in-house. The PBDBD consisted of two high voltage electrodes separated by a layer of glass beads. These components were arranged within a 8 jacketed cell to allow cooling. The cell was then connected to a cooling system to maintain the temperature at desirable levels. Oxygen was used to feed the generator, and the flow rate was adjusted using a needle valve and monitored with a calibrated gas flow meter (NGX, PLATON). The PBDBD could be operated over a range of oxygen flow rates, and the required ozone concentration was set by controlling the input power. The required time for the generator to reach a steady state with respect to ozone concentration was ca. 5.0 minutes.
Ozone analysis
The concentration of ozone in the gas phase was monitored online by passing the exhaust gas from the PBDBD through a 10 mm optical pathlength flow cell connected to an Ocean Optics spectrometer (USB2000, Ocean Optics), and the absorbance was monitored at 254 nm. The ozone concentration was calculated using a molar extinction coefficient of 3000 dm 3 mol -1 cm -1 [18] . Prior to the analysis, the cell was purged with pure oxygen to calibrate the spectrometer background. A similar flow cell was employed for monitoring the instantaneous change in dissolved ozone concentration at 258 nm using a molar extinction coefficient of 2900 dm 3 mol -1 cm -1 [19] after adjusting the spectrometer background with deionized water.
Ozone destruction in the effluent gas
For safety purposes, the ozone-containing off gas was passed through a Dreschel bottle filled with a MnO2-based catalyst to convert the ozone to oxygen [20] . The catalyst, (CARULIT 200), was obtained from Cara Corp, UK, and used without further treatment. The efficiency of the cell toward ozone destruction was confirmed by placing Ocean Optics flow cells before and after the destruction unit.
Ozone-water volumetric mass transfer coefficient determination (kLa)
The rate of ozone dissolution was determined according to [12] :
which can be integrated and rearranged as follows [12] : 
Sampling rate (dm Table 2 : The oscillation conditions employed in this work.
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Results and discussion
Ozone-water mass transfer in semi-batch conditions
The reactor was operated as a bubble column (with no baffles or oscillation), baffled reactor (without oscillation), and as an OBR (with baffles and oscillation) to establish a base for comparison between theses arrangements on one hand, and to the available data in the literature on the other.
The effect of applied ozone concentration on ozone-water solubility
The effect of varying the input ozone concentration on the dissolved ozone concentration was investigated employing the baffled reactor with no oscillation or water throughput in order to determine the unperturbed dissolved ozone concentration. Figure 2 shows the change in dissolved ozone concentration as a function of time and input gas phase ozone concentration.
As can be seen from fig.2 , the steady state dissolved ozone concentration increased as the gas phase ozone concentration increased. In all cases, the dissolved ozone concentration increased rapidly during the first minute, reaching steady state after ca. 2.5 minutes. 
The effect of oscillation on ozone-water mass transfer
In order to evaluate the optimal mixing conditions for ozone mass transfer, the OBR was operated at various oscillation amplitudes and frequencies and the kLa values were recorded. Figure 3 shows the effect of oscillation on ozone-water mass transfer at a constant input gas flow rate. As can be seen from fig. 3 , ozone dissolution was found to increase slightly as Reo increased from 0 to 1000, however the most important enhancement was observed at Reo between 3000 and 4600. Because of instrumental limitation, Re could not be increased above 4600. The enhancement observed with increasing the oscillation amplitude and frequency may be attributed to increase bubble break-up [11, 12, 22] induced by increasing the speed and strength of the interaction between the oscillating liquid and the sharp edges of the baffles. 
The effect of the reactor arrangement on ozone-water mass transfer
The effect of the reactor arrangement on the ozone-water dissolution rate is shown in fig.4 . As can be seen, kLa increased in the order: OBR > baffled reactor > bubble column; the value of kLa observed using the OBR was found to be 5 and 3 times greater, than those observed using the bubble and baffled reactors, respectively. It is interesting to note that, the kLa values observed using the bubble reactor were found to agree with the average results reported previously under similar conditions [7, 8] . 
The effect of the input gas flow rate on ozone-water kLa
The effect of varying the input gas flow rate on the ozone-water mass transfer coefficient obtained using the three reactor arrangements are shown in fig. 5 . As can be seen from fig. 5, kLa increased with input gas flow rate regardless of the reactor arrangement. Unexpectedly, the enhancement obtained using the baffled reactor over the bubble column reactor was found to increase from 1.8 to 2.3 times as the input gas superficial velocity increased from 0.34 -6.8 cm . In general, the enhancement obtained using the baffled reactor may be attributed to the continuous bubble collisions with the baffles, which reduce the rising velocity of the bubbles and increase their break-up as can be seen in see fig.6 (a). These two factors become more significant as the gas superficial velocity increases, hence increasing the gas hold-up and kLa.
This behaviour was not in agreement with that observed by Hewgill and co-workers who found that the baffled reactor was less efficient than bubble column for oxygen-water dissolution [12] . This may be attributed to the lower input gas superficial velocities (i.e 0.042 -0.24 cm s -1 ) employed during their investigation compared with those investigated here. From fig. 5 , it can be seen that the enhancement in kLa obtained with the OBR at input gas flow rates of 0.1-1.0 dm 3 min -1 was more significant than that observed at the higher input gas flow rates of 1.2 -2.0 dm 3 min -1 . However, as the flow rate increased from 1.6 to 2.0 dm Figures 6 (a) -(c) show the gas flow patterns observed using the baffled reactor (a) and the OBR operated at low (b) and high (c) input gas flow rates, respectively. Small and homogenously distributed bubbles can be seen in fig. 6 (b) , and most of these bubbles were trapped by high speed, circulating vortices, shown by dashed lines in fig. 6 (b) and (c). Larger bubbles were formed within each vortex as a result of bubble collision, and these larger bubbles moved from the centre to the external walls of each vortex. However, the rate of bubble collision was expected to increase with increasing volumetric ratio of gas to liquid, which led to vortex disturbance and reduced the residence time of the bubbles within the reactor as can be seen in fig. 6 (c). 
(c). The Reo was fixed at 4600 in both (b) and (c).
Gas hold-up and kLa
The gas hold-up (εG), which determines the volumetric fraction of gas within the liquid, is generally well accepted as an important hydrodynamic parameter which describes the effectiveness of gas-liquid contactor toward the mass transfer [22, 23] . Oliveira et al. 2004 [22] have shown that the type of sparger had no effect on mass transfer coefficient in an oscillatory baffled reactor, and this was attributed to the high turbulence caused by liquid oscillation. In the present work, the effect of gas diffuser type on gas hold-up and kLa was (a)
investigated in the absence of oscillation using the baffled reactor. The gas hold up was measured at different input ozone flow rates according to [11] : εG = (h-ho)/h (8) where h and ho were the liquid heights (cm) during and before aeration, respectively. Two spargers were employed for this experiment: a perforated PTFE diffuser (A) 12 mm high and 10 mm in diameter with a 1.0 mm pore diameter which produced large bubbles ca. 8.0 mm in diameter, and a stone diffuser (B) with a small pore size producing small bubbles of diameter 0.3-0.1 mm. Figure 7 shows the effect of gas superficial velocity on gas hold-up observed using the two diffusers. As can be seen in fig. 7 , a slight and almost constant enhancement of gas hold-up was observed using the diffuser (A) over (B). However, diffuser type has no apparent effect on the volumetric mass transfer coefficient, as depicted in fig. 8 . Therefore, the independence of the gas-liquid mass transfer coefficient of OBRs on the diffuser type observed previously [22] can be extended to include baffled reactors. Figure 9 shows the plot of volumetric mass transfer coefficient as a function of gas hold-up obtained under different operational conditions of reactor arrangement, oscillation condition, sparger type and input gas flow rates. As may be seen from the figure, there is a linear relationship between gas hold-up and mass transfer coefficient. Considering the varity of the operational conditions and bubble size, it does not seem unreasonable to postulate that gas hold-up is the most important factor that controls the ozone-water mass transfer coefficient.
This is in agreement with Olivira et al 2004 [11] who have shown that the contribution of gas hold-up on mass transfer coefficient is more significant than bubble size.
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Figure 9 Plot of ozone-water mass transfer coefficients as a function of gas hold-up obtained using the three reactor arrangements, under various input gas flow rates and oscillation conditions.
Ozone-water mass transfer under continuous flow conditions
These experiments were performed under continuous flow conditions to evaluate the effect of superficial water velocity on kLa and mass transfer efficiency (MTE).
The effect of the input gas and water flow rates on kLa
The baffled reactor was operated as a co-current up flow contactor to assess its performance with respect to ozone-water mass transfer. The ozone-water mass transfer coefficient was investigated at gas and liquid flow rates of 0.1 to 1.0 dm 3 min -1 , and the results are shown in fig. 10 . kLa was found to increase significantly with the input gas and water flow rates, and the highest kLa of 0.134 s -1 was observed at the highest flow rates. Interestingly, this value is 2 times greater than that achieved with the same reactor operated at the same input gas flow rate and without water throughput as was shown in fig. 5 . This may be attributed to the 
Figure 10 The variation in the ozone-water mass transfer coefficient of the baffled reactor as a function of the input gas and water flow rates.
In order to assess the oscillation effect on kLa under continuous flow conditions, the reactor was operated as a baffled reactor and as an OBR at a fixed input gas flow rate whilst varying the water flow rate, and the results are presented in fig. 11 . As can be seen, oscillation enhanced kLa, and the enhancement was found to be almost constant at ca. 38-43%
irrespective of water flow rate. 
The effect of the input gas and liquid flow rates on mass transfer efficiency (MTE)
The mass transfer efficiency (MTE), is the ratio of the mass of dissolved ozone to that dissipated via gas bubbling, and was determined according to:
Where QL and QG are the input water and gas flow rates (dm The effect of the input gas and water flow rates upon MTE was determined using the baffled reactor. The data is shown in fig. 12 . From the figure, it can be seen that the mass transfer efficiency was found to increase proportionally with water flow rate and inversely to the gas flow rate. The highest mass transfer efficiency of 57% was obtained at the lowest input gas 22 flow rate, 0.1 dm 3 min -1 , and highest input water flow rate, 1.0 dm 3 min -1 . Operation of the baffled reactor at low input gas flow rate is desirable because of the high efficiency, lower cost of gas pumping and the reduction in power dissipation for ozone generation. Figure 12 Ozone-water mass transfer efficiency as a function of the input gas and water flow rates obtained using the baffled reactor.
The effect of oscillation on MTE was extracted from fig.11 and the results so obtained are shown in fig.13 . As can be seen from the figure, the effect of oscillation on MTE was found to be more important at water flow rates > 0.6 dm 3 min -1 . This may be attributed to the larger difference between the kLa values at high water flow rates as was seen in fig.12 . The highest MTE, of a ca. 92%, was observed using the OBR at gas and water flow rates of 0.1 and 1.0 dm 3 min -1 . Table 4 shows the variation of MTE and steady state dissolved ozone concentrations at low input gas flow rate using the baffled reactor and OBR. The 23 enhancement so obtained at low superficial gas velocity may be attributed to the longer contacting time between the phases, and to the lower bubble collisions as discussed in section 3.1.4. 
Conclusions
Ozone-water mass transfer was investigated under semi-batch conditions in a bubble column, a baffled column and an oscillatory baffled reactor. The OBR was demonstrated to be up to three and five times more efficient for ozone-water mass transfer than bubble and baffled column reactors respectively. The enhancement obtained with OBR over the baffled column reactor for ozone-water mass transfer was found to decline with gas flow rate due to changes in bubble flow pattern. Under continuous flow conditions, the performance of the baffled reactor and the OBR were found to increase with water and gas flow rates, probably due to increasing liquid turbulence and liquid film renewal. However, the mass transfer efficiency in both reactors was found to increase proportionally with water flow rate and inversely to the gas flow rates due to the decrease in contact time between the phases and to the acceleration of bubble collisions. The significant enhancements of kLa and MTE attained using the OBR under atmospheric pressure, using a short reactor length, and at low gas/liquid volumetric ratios make this type of reactor one of the most effective contactors for ozone-water mass transfer.
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